An approach for the theoretical evaluation of the damage threshold in optical interference coatings that combine metal and dielectric films is presented. The model that is used combines a matrix formalism to describe the film system with the two temperatures model that describes the energy transfer and the temperatures of electrons and lattice in a solid submitted to a laser irradiation at the femtosecond time scale. With this approach the thermal consequences due to the ultrafast absorption of the metal film can be evaluated in the multilayer stack for single or multiple pulses. Some applications are presented for the case of broadband mirrors for ultrashort pulses with low dispersion. Particularly we study the impact of the metal film (metal element, thickness) and the design on the Laser Induced Damage Threshold in the sub picosecond regime. Opt. 21, 1106-1114 (1982). 7. L. Gallais and M. Commandré, "Photothermal deflection in multilayer coatings: modeling and experiment,"
Introduction
A main limitation in the development of high power ultrafast lasers is the peak power handling capability of the optical components. The available power of laser systems is indeed limited by laser damage to optical surfaces, particularly on the complex optical interference coatings that are used to control the reflection and transmission of the optics. This issue put enormous technological challenges on thin film devices and specific multilayer optical coatings that combine laser damage resistance with the ability to control pulse lengthening and spectral distortion. In a high power laser chain, the mirrors used for beam transport of the compressed beam to the application location are particularly submitted to the most severe irradiation conditions. These components should have a high reflection coefficient in a large spectral width, high laser damage threshold, low wavefront distortion, thermal and mechanical stability to enable high performances and stable operation under vacuum conditions. A physical way to overcome the physical limitation of laser damage is to enlarge the beam and increase the mirror surface. However, to reduce the technological challenges and cost to produce very large optics, there is a great interest to optimize optical designs.
Metal films, especially gold layers, play a significant role as mirrors in ultrafast laser systems because of the large available bandwidth but they have an intrisinc low laser induced damage threshold (LIDT) compared to multilayer dielectric mirrors [1] . However these last components are more difficult to design for large bandwidth reflection and low Group Delay Dispersion (3 or 4 materials can be needed) and to produce for large aperture systems (issues of inhomogeneities, mechanical stress,... ). Different designs that combine mirrors with dielectric materials to take advantages of both systems have been proposed. In [2] , Bonod et al. suggetsed to insert a metal layer between the substrate and the dielectric stack to reduce the number of dielectric bilayers and thus the mechanical stress within the stack. It was evidenced that this design with a metal layer is compatible with a high efficiency and high damage resistance under short pulse irradiation. So does Canova et al. [3] about the broad bandwidth of this design. In [4] , Palmier et al. show that Metal MultiLayer Dielectric mirror (MMLD) have better performances than MultiLayer Dielectric Mirror (MLD) in optical properties such as larger bandwidth of reflectivity, while the damage threshold is almost the same as the MLD. Given the potential of such structures, and the fact that only very specific structures of MMLD have been studied up to now, we present in this paper a semi-analytical method that can be used to optimize the design of a MMLD to get the best balance between good optical performance and damage performance.
In the first part of this paper the model used to evaluate the temperature reached by a MMLD optical component under femto/pico second irradiation is detailed. We have investigated an approach, with different approximations that will be detailed, for the calculation of the transient temperature distributions in a multilayer system composed of dielectric and metallic films, submitted to single or multiple femtosecond pulses. It allows the determination of a theoretical thermal damage threshold of the system, defined as the fluence needed to reach the melting point of the metal. Then a discussion is conducted on the different materials and designs that can be used in the case of a MMLD mirror. And in the last part numerical results on the theoretical LIDT of different MMLD are given and discussed, to illustrate the interest of the approach.
Model of ultrashort pulse interaction with MMLD
The problem of the laser interaction with optical components has been largely studied for different geometries and irradiation conditions. The case of a bulk material for instance is a classical problem and a heat source in the material can be derived according to Beer-Lambert law to solve the heat equation [5] . For the case of optical interference coatings with absorbing layers, the problem of heat transfer and temperature rise in a stack has been studied for laser pulsed [6] and modulated [7] irradiation. However these approaches can not be applied to the specific case of a multilayer system like a Metal Multi-Layer Dielectric submitted to ultrafast laser irradiation. The geometry of the multilayer thermal problem under study in our work is shown in Fig. 1 : the objective is to calculate the temperature distributions in space and time of optical interference coatings submitted to ultrashort and intense laser irradiations, with arbitrary temporal pulse shapes. A one-dimensional problem is considered since we are not interested in local laser heating but on the issues of laser damage of large optics. The limits to this simplification will be discussed in section 4. The case of single metal films, multi-layer metal films or protected metal films (metallic mirrors) is included in this approach.
Two Temperature Model (TTM)
In the case of ultrashort pulse irradiation, a detailed analysis of the energy deposition and transfer requires the modeling of the non-equilibrium processes. Indeed when the excitation time for laser heating is comparable to or shorter than the characteristic time of electron-phonon collision, the classical heat diffusion law is not applicable to describe the behaviors of the electron and lattice temperatures. To characterize this non-equilibrium process, a two temperature model can be used [8] . This model describes the energy transfer and the temperatures of electrons (T e ) and lattice (T l ) in a metal submitted to a laser irradiation at the femtosecond time scale. The incident laser energy directly excites the electrons localized within the skin depth. Then some part of the thermal electron energy transfers to the neighboring lattice, while another part of the energy diffuses, via electrons, into the deeper region of the material. When the ultrashort laser pulse is ended, the thermal coupling between the electrons and phonons as well as the heat conduction in the material will continue until equilibrium. These temperatures can be calculated by solving the coupled heat conduction equations of electrons and lattice:
with C e and C l the specific heat capacities (Jm −3 K −1 ) of the electrons and the lattice, respectively, K e and K l are the corresponding thermal conductivity coefficients (W m −1 K −1 ), the parameter g characterizes the rate of energy exchange (W m −3 K −1 ) between the electron and lattice subsystems, and S(z,t) is the heat source term induced by the laser irradiation (W m −3 ). The electronic heat capacity, thermal conductivity and electron-phonon coupling factor are dependent on the electronic temperature. These dependencies are complex and numerical electronic structure calculations are required to obtain their knowledge. Under moderate laser excitation (we are interested in the onset of damage and not in the strong ablation regime) simple analytical functions can be used: C e (T e ) = C e T e , K e = K l × T e /T l [10] , but in the case of high electronic temperature, numerical expressions need to be used [11] . The source term can be written as S(z,t) = Kα |E(z)| 2 nI 0 f (t), with α the absorption coefficient of the material, |E(z)| 2 the normalized electric field intensity (NEFI) in the material, which can be obtained from the Maxwell equations and the characteristic matrix of the film [9] , n is the real part of the refractive index, I 0 is the laser energy density of the pulse (J/m 2 ) and f(t) a normalized function describing the laser temporal profile. In the following we will use a Gaussian pulse:
The laser pulse is assumed to start at t = 0 and end at t = 4t p . The laser energy outside this period of time is neglected since it is too small to signif-icantly alter the results. Here, K is introduced to adjust the absorption. It takes into account the different physical mechanisms that can alter the laser energy deposition in the heated sample. For instance it was reported that there are transient changes of the film reflectivity during laser irradiation of metals [12, 13] and hence transient absorption variations during the irradiation. This value can be obtained by a comparison between calculations and experiments, and in the theoretical work that is described here it has been set to 1.
In order to solve the heat equations, we used a numerical partial differential equation solver [14] . A simulation of the case of a 500fs pulsed laser irradiating a single gold film on a silica substrate has been calculated as an example. The temperature profiles of electrons and lattice are shown in Fig. 2 at different timescales. at the surface of a gold film irradiated by a pulsed laser. Laser wavelength is 800nm, pulse duration is 500fs and the fluence is 0.85J/cm 2 . The gold film thickness is 100nm, and the substrate is silica.
The electron temperature and lattice temperature reach equilibrium at a long time after the laser pulse. This corresponds to a critical time (t c ) that can be estimated by [10] :
Depending on the material, t c is in the range of 1-100 ps.
In Fig. 3 we have plotted the case of a multidielectric mirror with the following design: 4 , calculated with the procedure described above. The light is absorbed in the metal film embedded in the stack and then generated heat diffuses in the dielectric materials. Depending on the pulse repetition rate, the next pulse will be incident on a hot area and thermal accumulation effects can take place.
In the case of an optical component submitted to multiple pulses, damage can occur due to heat accumulation effects: the component does not have time to cool to the ambient temperature between each pulse. This effect is dependent on the repetition rate and the thermal conductivities of the different layers in the stack. If we want to deal with this problem of laser accumulation and calculate the lattice temperatures, the source term in Eq. 1 can be written as:
with S 1pulse (z,t) the heat source due to the absorption of a single pulse, * the convolution operator, δ the Delta function, and F=1/T the laser repetition rate. The procedure to solve the heat equations is the same that in the previous case. The size of the calculation domain (air gap and substrate thickness) is dependent on the irradiation time. It is chosen large enough to prevent heating at the boundaries of system. Figure 4 shows the temperature evolution in a MMLD mirror submitted to high-repetition multiple pulses. This example shows an accumulation effect after a series of laser pulses at 1MHz that will induce thermal damage.
Materials and designs
In order to build a MMLD mirror, different metal and dielectric materials are available as well as different possibilities for the choice of the design. Then we review in this section the different materials available, their measured laser damage resistance, and the material parameters that can be used for simulation.
Choice of metal films
Metallic materials for ultrashort high power applications require high reflectance on a large bandwidth, and low absorption. The properties of the most common metals that can be used as reflecting coatings are shown in Fig. 5 . From these data we can see that aluminum has a good ultraviolet, visible and far infrared reflectance. However, the reflectance of aluminum drops significantly at wavelength 700 nm -900 nm which we are caring about. It makes aluminum out of consideration in this paper. Also for metal Nickel and Platinum, the reflectance is relatively too small to serve as a material that can be a reflective mirror. Silver is one of the commonly used metal in optical applications [16] due to high reflectance and ease of evaporation. Though there are some oxidation issues when exposed to the atmosphere, this effect will be avoided when used in a MMLD because the dielectrics on the top of metallic film can protect it from the air. Thus, apart from laser damage resistance considerations, silver will be a very good choice for MMLD mirrors. Gold and copper are almost the same for infrared spectrum and they are good for infrared reflecting coatings beyond 700 nm. On glass, gold tends to form rather soft, easily damaged films, but a film of chromium or nichrome can solve this problem and make it adhere strongly to the substrate [16] . Energetic deposition processes can also improve the adhesion of gold on glass and make it applicable in the metal mirrors.
From the above discussions, gold, silver and copper are selected for further analysis. For these materials, we have collected some reported data about the damage thresholds (see Table  1 ) and parameters for calculations ( Table 2 ). A comparison of the theoretical damage thresholds of copper, gold and silver films with different thicknesses is reported on Fig. 6 . The threshold is defined in simulations as the fluence needed to reach the melting point of the lattice, which is an arbitrary but convenient criterion for the comparison of materials. The calculations are done in the case of single pulse irradiation, and for a silica substrate.
Different comments can be made on these calculations. First of all the LIDT (melting) threshold saturates for each material, and when the film is thin the LIDT increases linearly with the Obviously gold and silver should be preferred to copper. Given the lack of available experimental data on these two materials, it is difficult to conclude on which material (gold or silver) would have the better laser damage resistance. The available experimental data are reported on Fig. 6 . The pulse duration for calculations and experiments are not the same, but this parameter has minor influence on the results. It can be observed for gold a discripency between experiments and theory. This can be the result of a difference between real parameters of the film (that can be different from the bulk) and theoretical parameters, or a theoretical damage threshold definition that is not well adapted (damage can occur before melting, with spallation mechanisms). However, since our present study is theoretical and that there are not sufficient published experimental data to conclude, we will use the values given in Table 2 in the following.
Choice of dielectric films
In the case of dielectric materials, because the damage is the consequence of photoionization and impact ionization, physical mechanisms for which the efficiency depends on the bandgap of the material, the LIDT is directly dependent on the bandgap value. In the case of bulk materials, fluorides have a better laser damage resistance than oxides [1] . In the case of thin films however this is not the case and only the oxides have shown a clear scaling of laser damage threshold with the bandgap: a linear scaling of the breakdown fluence with band gap energy is observed for a large range of materials [23] . In the case of mixture of oxides however, more complex dependencies were observed [24] . In this work we will then use only simple oxides as the low and high index materials. For the low index material silica is the obvious choice. The damage threshold of this material has been measured between 4 and 4.5J/cm 2 at 500fs [23, 24] at 800nm or 1030nm (notice that results at these two wavelengths are comparable since the photon energies are very close). We will take the value of 4J/cm 2 for silica as a conservative choice and use the empirical laws described by Mero et al. [23] for the pulse duration dependence. For the high index material there are different alternatives. Hafnium oxide (HfO 2 ) is one of the most important high index materials for the production of optical multilayer coatings for UV to IR high power applications. In addition to its good optical and mechanical properties, it has a relatively high laser-induced damage threshold (LIDT) compared to other materials (Ta 2 O 5 , Nb 2 O 5 , ZrO 2 ). According to [23, 24] the laser damage threshold is 1.6J/cm 2 at 500fs. Aluminum oxide (Al 2 O 3 ) with a higher bandgap than the one of hafnium oxide is another interesting choice. Although the refractive index for Al 2 O 3 is lower than the one for HfO 2 , the LIDT is significantly higher (2.5J/cm 2 at 500fs [23, 24] ). With the drawback of larger number of layer pairs, the use of Al 2 O 3 /SiO 2 can be a good alternative to HfO 2 /SiO 2 . More efficient designs should use the three materials (Al 2 O 3 , HfO 2 , SiO 2 ), which can also be beneficial to obtain low stressed multilayer systems [25] . Scandium oxide is also an attractive candidate with a high refractive index and a relatively large bandgap although it has not been widely explored [26] . Recent results suggest that a higher laser damage resistance could be obtained compared to HfO 2 and SiO 2 [27] , but it will not be used in our theoretical study given the lack of other data. Following this analysis, SiO 2 , HfO 2 and Al 2 O 3 will be used as the low and high index materials.
Numerical results: comparison between MMLD and dielectric mirrors
In this section the theoretical LIDT of dielectric mirrors is compared to MMLD mirrors composed of a metal film and a dielectric mirror. The thickness of the metal film will be chosen based on the calculation presented in the previous section, in order to optimize the LIDT. The objectives are to determine the number of dielectric bilayers that need to be deposited on the metal film in order to achieve a higher LIDT than dielectric mirrors, better GDD and higher bandwidth. An example of the comparison of the optical properties of such mirrors is given in Fig. 7 . 
, and a metallic gold mirror (B).
Case of single pulse irradiation
In the case of a dielectric stack, the LIDT is limited by one of the materials that compose the stack and it can be evaluated based on the electric field distribution in the stack under consideration. One can calculate the theoretical damage threshold with :
The theoretical damage threshold of the dielectric part of the MMLD can be calculated in the same way. Based on this simple calculation it is possible to compare the fluence that will damage the dielectric films with the fluence that will melt the metal and calculated with the method detailed in this paper. As an illustration, the E-field distribution in a mirror with the design Silica/Gold/(SiO 2 /H f O 2 ) 5 is given in Fig. 8 . In the case of the design given in Fig. 8 , the limiting film is the upper high index layer of HfO 2 and considering the intrinsic LIDT of hafnia (1.6J/cm 2 at 500fs) we found that the film will break at an incident fluence on the mirror of 1.4J/cm 2 . At such fluence we found from calculation that the metal film will be far from melting (12.8J/cm 2 for instance is needed to reach the melting point of a 100nm gold layer in this design) and the limiting film is the dielectric high index material. In this configuration the metal film can be less than L c . Using such a methodology it has been possible to calculate the theoretical LIDT of different MMLD mirrors as a function of the number of dielectric layers and thickness of the metal films, and identify the limitation (metallic or dielectric film). Calculations are shown in Fig. 9 for two different MMLD mirrors.
From these calculations we can conclude that in the case of a MMLD mirror composed of few bilayers (2 or 3) the fluence needed to reach the melting point of the metal is higher than the fluence needed to damage the high index material. A design with 5 bilayers has then good optical properties for a high reflective mirror with low GDD compared to an all dielectric design (see Fig. 7 ) and the LIDT is not limited by the metal. However these conclusions are based only on the analysis of single pulse irradiation and are valid for low repetition rate irradiation. The heat accumulation for the case of multiple pulses can decrease the threshold depending on the pulse repetition rate. We will evaluate these effects in the next section.
Case of multiple pulses
To illustrate the effects of multiple pulse laser heating we have plotted on Fig. 10 the calculated fluence needed to reach the melting point of the metal layer in a MMLD mirror (5 dielectric bilayers in this case) for different repetition rates and number of pulses. When the pulse repetition rate increases there is less time between two successive shots for the heated region to cool to the ambient temperature. As it was shown in Fig. 4 , the heat is accumulated in the stack up to the point when thermal breakdown of the structure can occur. The calculations reported on Fig. 10 shows that for moderate repetition rates (less than 1kHz) the theoretical melting threshold of the metal film is one order of magnitude higher than the fluence needed to reach the breakdown of the dielectric films in the stack. In such conditions of operations the MMLD mirrors can operate safely. However this MMLD design is not adapted to the case of multiple pulses irradiations with high repetition rates: at 1MHz the melting threshold of the film reaches the damage threshold of the diectric films in the order of 10000 to 100000 pulses (0.01 to 0.1 seconds).
The approach described in this paper can then provide useful information on intensity and frequency range where the mirrors can operate safely. However they are different limitations that should be clearly recalled. A simplification to a one dimensional problem (z coordinate) has been considered which implies that the thermal conduction out of the irradiated must be negligible, i.e. the beam radius must be much larger than the heat diffusion length in the transverse dimension of the metal film (x,y). From first order thermal calculations this condition is fulfilled for:
with t i the irradiation time, R the beam radius and D the diffusivity. Considering the diffusivity of a metal film ( 10 −4 m 2 s −1 ), the limitation is 10ms for R=1mm, 1s for R=1cm and 100s for R=10cm. Secondly, non-linear ionization processes in the dielectric films could contribute to the temperature increase of the stack and should be taken into account in future works. Another limitation is the fact that the decrease of the dielectric LIDT when illuminated with multiple pulses should be taken into account. For a more complete description, a refined model should integrate: non-linear absorption mechanisms (photo and impact ionization) leading to temperature increase [28] , the accumulation of photo-induced defects leading to a decrease in threshold [29] or ripples formation at the stack surface [4] . These mechanisms should lead to a decrease in the LIDT of the dielectric films depending on the repetition rate and pulse number. Therefore the dotted line within the Fig. 10 should be considered as an upper limit for the dielectric LIDT.
Conclusion
Under short pulse and high repetition rate laser irradiation multilayer stacks composed of dielectric and metallic films can be damaged due to thermal effects. The thermal consequences due to the ultrafast absorption of energy in the metal film and heat diffusion in the stack can be evaluated with the approach that has been described. In this case theoretical damage threshold in the condition of operation can be obtained and the design, as the choice of the materials can be optimized. Several examples were analyzed in this paper and it was shown for instance that in the case of single shot and low to moderate repetition rate (less than 1kHz)) the damage threshold of a MMLD mirror involving gold or silver films is not limited by the metal but by the dielectric materials. In the case of high repetition rates (100kHz, 1MHz) however thermal damage of the optical component can take place, depending on the duration of the burst of pulses. The theoretical work that has been presented is now intended to be applied to practical studies in order to compare the results with experiments.
